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Abstract
Improper positioning of the acetabular cup has been shown to contribute to issues such as high
wear rates and dislocations in total hip replacements. The differences in contact mechanics due
to varying orientation of the acetabular cup may also significantly affect strain distribution in the
femur. This study examined these effects of acetabular orientation changes and their contribution
to stress shielding using finite element analysis. A solid model of a cementless total hip implant
was obtained using 3D point scanning and implanted virtually into a femur solid model. The
implanted femur model was imported into ABAQUS and loaded with a 1000 N force
perpendicular to the surface of the femoral head in 13 orientations varying in inclination and
anteversion. Strain values were taken from 6 locations along the proximal medial and lateral
diaphysis of the femur. Analysis of these strain values found that strain decreased with increased
inclination. Strain was also shown to increase and decrease on the lateral and medial side,
respectively, for increasing anteversion. With an orientation change of 5.7º resulting in a strain
difference of 30.9%, strain demonstrated sensitivity to orientation. From these results, it was
concluded that acetabular cup orientation influences stress shielding which is determined by
strain distribution. Therefore, greater emphasis is needed on obtaining the correct acetabular cup
orientation during implantation surgery to prevent stress shielding effects and device failure.
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1. Introduction
1.1 Relevance
Improper positioning of artificial hip devices during implantation is a contributing factor in
high wear rates, dislocations, and device failure. Previous studies have addressed this issue by
determining acetabular cup orientations which increase dislocation rates. However, no attempts
have been made to analyze the effects of cup orientation on stress distribution within the stem.
Poorly distributed stress in the stem can lead to resorption of bone surrounding the implant. This
effect, known as stress shielding, is presented in severe cases for 6-19% of porous-coated
implants and increases the probability of needing revision surgery.1 To reduce the incidence of
stress shielding, more research is needed to better understand the factors which contribute to this
effect. To address the lack of understanding, this study evaluates the possibility of acetabular cup
orientation as a contributor to poor stress distribution to the femur and stress shielding.

1.2 Surgery/Implantation
Hip arthroplasty is a surgical intervention reserved only for extreme cases of hip arthritis
where the cartilage lining of the joint wears out significantly and there is bone on bone contact.
A full hip arthroplasty mediates this issue by completely replacing the acetabular and femoral
components of the hip joint.2 The first step in the process of replacing the hip joint is to remove
the damaged cartilage and bone. The bone is cut to remove the femoral head and allow for the
insertion of the implant stem. Once the arthritic femoral head is removed, the acetabular socket is
reamed using a hemispheric reamer to remove the damaged cartilage and bone and provide a
smooth surface for the acetabular cup. Once the acetabular surface is reamed and smooth, the
acetabular cup can be inserted and secured by a press fit. These acetabular cups typically have a
porous surface to allow for osseointegration.
7

After fixing the acetabular cup, the femur is prepared to receive the implant stem. Special
tools are used to shape the inside of the femur to accommodate the femoral stem which must be
held securely in the bone. When this is completed, the femoral stem is inserted into the recess
and positioned accordingly. The stem is then secured in this position either through the use of
bone cement (cemented stems) or a press-fit (porous stems). Stems with a porous coating allow
for osseointegration with the femur and use this to hold the stem securely. Next, the femoral head
is tightly fit onto the neck of the stem. With the acetabular cup, femoral stem, and femoral head
inserted, the hip replacement can be assembled to complete the hip ball-and-socket joint. The leg
is then evaluated for stability, mobility, and leg length equality.2 Once everything is assessed the
surgeon closes the wound in layers with stitches and/or staples. The final product can be seen
below in Figure 1.

Figure 1: Radiograph of the total hip replacement after implantation.3
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1.3 Complications
Improper implantation orientation can greatly contribute to high wear rates as well as
improper stress distribution leading to stress-shielding. Verifying an ideal acetabular cup
orientation would provide information to reduce stress-shielding effects in a hip implant. This
would ultimately lead to a reduction in material wear. Complications can be avoided that
inevitably lead to implant failure though ideal acetabular cup placement.

1.3.1 Stress-Shielding
The use of hip implants made of strong metals such as titanium and cobalt-chromium has
led to the effect known as stress shielding. This occurs when the elastic modulus of the
implant material is significantly greater than that of bone resulting in the implant taking most
of the loading rather than the bone. This becomes an issue because of Wolff’s law which
states that bone, as a dynamic tissue, adapts to its local mechanical environment. The
reduction in load carried by the femur leads to osteoclast resorption of bone around the
implant to adapt to the new biomechanical environment. This bone resorbing effect around
the stem can be seen in Figure 2. This causes a condition known as osteopenia, or a reduction
in bone density, which leads to an increased risk of implant and/or bone failure.4 Osteopenia
causes a reduction in bone strength resulting in pain, fatigue, and in some cases implant
failure.4 Other complications that arise from osteopenia are insufficient bone attachment and
ingrowth (sprouting), which leads to implant loosening and poor, unstable fixation over time.

9

Figure 2:: Bone remodeling caused by stress shielding from standard stem prosthesis. A significant loss of bone quality is
observed along the whole length of the shaft.5

1.3.2 Metallosis
When dealing with a metal
metal-on-metal
metal total hip replacement paired with high wear rates,
patients can develop a condition known as metallosis. Friction and material wear cause metal
ion particulates to build up in the soft tissue surrounding the hip joint. This can lead to
several biological and mechanical complications including severe joint pain, implant
loosening, implant failure, local tissue necrosis, local bone deterioration, cyst/pseudotumor
formation, and metal poisoning for those with metal sensitivity.6 Further complications arise
when the metal ions enter the bloodstream, leading to elevated blood ion levels. This can lead
to many cognitive complications including: emotional imbalance, basic cognitive
malfunction, severe headaches, aand
nd nervous system problems. Because metallosis occurs at
the articulating surface of the hip replacement, different orientations may increase the
likelihood of this condition.
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1.3.3 Osteolysis
When dealing with a metal-on-plastic total hip replacement paired with high wear rates,
patients can develop a condition known as osteolysis, the cause of about 75% of hip implant
failures. The plastic or polymer particulates from prosthetic wear cause local bone
remodeling and resorption due to macrophage activity, which is shown in Figure 3.7 This
causes a decrease in bone density and, therefore, bone strength leading to a variety of issues
causing considerable pain and discomfort. Osteolysis can affect the bone around the implant
causing it to degrade to the point where the implant loosens and eventually fails. Other
serious complications can arise from osteolysis including dislocation, heterotopic
ossification, infection, osteonecrosis, implant loosening, periprosthetic fractures (local bone
breaks), and even death.6

Figure 3: Radiograph showing osteolysis around femoral stem (red arrows) associated with eccentric wear of the
polyethylene acetabular component (black arrows).7
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1.4 Finite Element Analysis (FEA)
Finite element analysis is a tool used to approximate solutions for complex problems by
breaking them down into a number of smaller, simple elements. This allows for the evaluation of
stress and strain values for complex geometries such as the femur. Each element has a set of
specific mechanical and material properties which are set within a model based on their relative
geometric position to emulate specific materials. In the case of this study, the different regions of
the femoral bone or the implanted device are represented. Boundary conditions and applied
forces are used to create a model which simulates force loadings on a physical system. Through
the use of finite element analysis on a combined model, an implant-femur system can be
simulated in a computer environment. This provides an alternative to physical testing using
actual femurs and strain gauges which is more time and resource consuming.

1.5 Current Research
Research has been completed regarding the effects of implant positioning and geometry on
stress and strain distributions in a human femur as well as around the acetabular component. A
study published in 2011 investigated the effects of acetabular cup inclination and wear on the
contact stress in the acetabular cup cement and hipbone interface using a finite element model.8
They used a Charnley hip replacement which includes a stainless steel femoral stem and head
with a polyethylene acetabular cup both affixed with bone cement. Acetabular cup angle is
known to impact contact mechanics between the cup and femoral head and potentially
polyethylene wear. This study predicted that increased cup inclination to 55° would not affect the
contact mechanics and cement stress. The Charnley hip system was modeled at penetration
depths of 0, 1, 2 and 4 mm and at 45°, 55°, and 65° respectively. An increase inclination resulted
in a noticeable shift of contact area but only a 10% increase in maximum stress within the cup,
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which the researchers viewed as a modest increase. The researchers concluded that the acetabular
inclination did not distinctly affect the contact mechanics.
Another study completed by Yosibash, et al. used a CT-scan based finite element femur
model to examine the mechanical response in femurs with a total hip implant. A human femur
bone with a total hip implant was used to create the physical model and the computer model. The
physical model was loaded at 0°, 7°, and 15° and strains and displacements were measured.9 The
values from the finite element model were compared to results from physical testing to validate
the FE model. After this comparison, the researchers found that the finite element model data
agreed with the data from the physical testing with an R2 value of 0.97. They concluded that the
finite element model was an accurate representation for the effects of a total hip implant on the
femur and can be used as a tool in clinical practice and design.

1.6 Goals and Hypothesis
This paper observes the effects of changes in acetabular cup orientations on stress
distribution to the femur using finite element methods to show the role orientation plays in stress
shielding. The goal is to create, validate, and analyze a model of a human femur with an
implanted femoral stem and head using finite element software. The researchers predicted that
greater differences in acetabular cup angle from baseline significantly affect stress distributions,
contributing to the effect of stress shielding. The researchers hope that through this study, an
ideal orientation which minimizes stress shielding can be identified.
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2. Methods
2.1 Solid Model Acquisition and Implantation
Geometries for the implant solid model used in the FE analysis were produced using 3D
scans of a 13 x 155 mm titanium, tapered femoral stem and 32 mm ceramic femoral head
(Synergy Porous, Smith & Nephew, Memphis, Tennessee). The implant head and stem were
attached and scanned as a single component using a 3D scanner (NextEngine, Santa Monica,
California) with a point density of 17,000 points per square inch. The resulting point cloud was
trimmed and meshed using HD Studio then imported into SolidWorks 2012 (SolidWorks,
Waltham, Massachusetts). A solid model of an adult human femur was obtained from an online
CAD database and imported into SolidWorks.10 The femur model was scaled and altered to
match radiographic imagery of a femur prepared for implantation in SolidWorks, after which the
implant was virtually inserted into the modified model along the medullary canal.

2.2 FE Model Creation
The implanted femur model was imported into ABAQUS (SIMULIA, Providence, Rhode
Island) for finite element analysis. The model was fixed in all directions at the distal end of the
femur and material properties were assigned to the bone and implant. The bone was modeled as
entirely comprised of cortical bone, a homogeneous, isotropic material with an elastic modulus
(E) of 10.2 GPa and a Poisson’s ratio of 0.3.9 Bone modulus values were obtained from
calculations by Yosibash et al. using ash density data from CT-scans. Modeling the femur
entirely as cortical bone was justified by the removal of a majority of the trabecular portion of
the femoral epiphysis as a necessary precursor to implantation. The titanium stem and head were
modeled as a single, homogeneous, and isotropic material with a Poisson’s ratio of 0.3 and
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elastic modulus of 110 GPa.11 It was assumed in this model that micromotion was negligible.
Therefore, the interface between the implant and native femur model was modeled as fixed.
A mesh convergence study was conducted to determine the appropriate mesh size for the
model. This was done to ensure accurate results while also reducing the necessary model run
time. The final analysis was to be conducted on an assembly consisting of a model of the femur
(modified for implantation by removals of the femoral head) and a model of the implant,
therefore, both the implant model and the un-modified femur model underwent separate
convergence studies pre-assembly. Point loads of 1000 N were exerted on the femoral or implant
head, and the base of the stem or femur diaphysis was fixed in all three axes. Z-axis
displacement values were recorded for a single node, either on the implant or femoral head with
multiple mesh sizes ranging in element counts from 2724 to 32110. The in-system z-axis was
oriented parallel to the horizontal axis containing both the femoral head and the greater
trochanter of the femur.
Based on the resulting data, convergence was achieved for the femur model at approximately
11500 degrees of freedom, and for the implant model at 13500 degrees of freedom. Convergence
study graphs for both models can be found in Appendix C. Based on these graphs, the final
assembly was constructed to have a total of approximately 25000 degrees of freedom.

2.3 Model Validation
To validate the developed finite element model, strain data for the intact femur model was
compared to those measured by Yosibash et al. An intact femur model was imported into
ABAQUS and given the same boundary conditions as the previously developed implanted femur
model with the base fixed in all directions at the distal end. This model was also modeled
entirely as cortical bone with an elastic modulus of 10.2 GPa and a Poisson’s ratio of 0.3. A
15

vertical point-load
load of 1000 N was applied to the topmost point of the femoral head and strain
values of SG 1-6,
6, as indicated in Figure 6, were obtained. Each
ach of these regions was selected
visually on the femur model to corresp
correspond with the indicated location. Furthermore, four points
were selected to represent the strain
train gauge at each locat
location, and their vertical (y--axis)
displacement readings were averaged to create what is referred to as the strain gauge reading for
that location. Each strain gauge reading taken from the model was compared to the
corresponding strain gauge reading measured by Yosibash et al. in their experimental data to
assess the validity of the
he model created. T
The averages of the strain values at each gauge location
were compared against the corresponding data from that gauge location from the experimental
data set collected by Yosibash et al., completing the validation process.

Figure 4: Location of strain gaugess on femur used in Yosibash et al. FE model validation was conducted using values
from SG
SG-1, SG-2, SG-3, SG-4, SG-5, SG-6.9
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2.4 Model Analysis
Following validation, loads of 1000 N in magnitude and directions and points of application
were applied one at a time to the implanted femur model to simulate different acetabular
orientations. This load was designated to represent the centroid of the load applied by the
acetabular cup onto the implant head. Angle of application was determined by node of
application, which was in turn selected by varying the angle approximately 5° from the ‘neutral’
top most node and from each subsequently placed node where a load is applied. Nodes extended
only in the X and Z axes away from the topmost node location. Once determined in more detail
using the formula below, the angle of differentiation of the node was used to trigonometrically
change the force vector to ensure perpendicularity to the surface.
To ensure perpendicular application of the 1000 N force, angle of application was estimated
using the 32 mm diameter of the implant head and the known linear distance between two given
nodes, based on the small angle approximation equation shown below.
Rθ = S
In this equation, θ is the arc angle, ‘R’ is the implant head radius, and ‘S’ is the arc length
approximated by the distance between two points. ‘S’ and ‘R’ are derived from the model
geometry for each point relative to their point nearest to the axis of anteversion or inclination.
Concurrently with the 1000 N force, an abductor force of <-48.394 N, -17.614 N, 127.5 N>
was applied to the greater trochanter at six points as outlined by Hazelwood.12 These points were
visually ascertained to match the configuration of forces exerted on the femur by the abductor
muscles and were placed at the greater trochanter to simulate natural walking forces on the
femur.13 Boundary conditions were established at the base of the femur diaphysis, fixing the
bottom in all three axes. A non-frictional, non-sliding node-to-node interface between the
implant stem exterior and the interior cavity of the femur model was also established.
17

For each individual application and orientation of the 1000 N stress, finite element analysis
was completed, and the resulting strain values in the Y axis were obtained at the same 6 strain
gauge locations used in the validation process (SG1-6 in Figure 6), 3 placed on both the medial
and lateral side. Analysis was conducted in 100 intervals over 10 seconds. Strain values for each
of the four points representing each strain gauge location were recorded. Their averages (one for
each node) were calculated and recorded. This process was repeated for each 1000 N load
orientation.

-

+

+

Figure 5: Locations of force application on the implant femoral head. Center of the ‘x’ shape formed is regarded as the
neutral position. Red arrows shown refer to the direction of positive and negative anteversion, while the yellow arrow
refers to the direction of positive inclination.
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2.5 Statistical Analysis
Values of the strain readings at the four node sets were recorded to represent each strain
gauge. For each of the six strain gauge average values, analysis of variance (ANOVA) with an
alpha of 0.05 was conducted to statistically determine whether or not the strain gauge values
varied across the anteversions and inclinations. This ANOVA was conducted for each strain
gauge to assess statistical significance.
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3. Results
3.1 FE Validation
The converged FE model was validated against the Yosibash et al. experimental data to
ensure the model accurately represents a physical model through geometries and biomechanical
responses. Strain values for SG 1-6 were obtained from the intact femur FE model and compared
to corresponding values from the experimental Yosibash et al. data, these strain values are
recorded in Table 1 below.
Table 5: Strain gauge values at SG 1-6 for Yosibash and intact femur FE model at the validated Young’s Modulus of 10
GPa

SG1

SG2

SG3

SG4

SG5

Yosibash Values

713.00

722.00

548.00

-1043.00

-978.00

FE Model Values

759.20

1044.10

586.77

-527.23

-1328.80

3.2 FE Results
Strain values were obtained from the FE model at the six strain gauge locations, as
previously mentioned. These values were recorded for each orientation, 0-12. Data trends can be
observed in Figures 6 and 7 as seen below. Maximum values of strain in the implanted femur FE
model were found to be 2202.18 µstrain at strain gauge 1 of orientation 12 and -4649.57 µstrain
at strain gauge 3 of orientation 7. Positive and negative values are due to differences in tensile
and compressive strain.
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Figure 6: Correlation of strain gauges 1-6 for changes in orientation in the direction of increasing inclination
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Figure 7: Correlation of strain gauges 1-6 for changes in orientation in the direction of increasing anteversion

3.3 Load Orientation Analysis
Strain values at SG 1-6 were analyzed at each of the twelve orientations, this data can be
found in Appendix D. The data of interest is the change in average strain the bone undergoes
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between each orientation change. Strain gauge values 1-6 were averaged for each orientation.
These values were then compared between each orientation step in increasing anteversion and
inclination. The comparisons, angle differences, percent difference in strain, and percent
difference of strain per degree can be found in Table 2 below.

Table 6: Comparison between each orientation change in anteversion and inclination.
Anteversion

Inclination

Comparison

0 to 1

1 to 2

2 to 3

3 to 4

0 to 5

5 to 12

0 to 6

6 to7

7 to 11

0 to 8

8 to 9

9 to 10

Angle Between Loads
(degrees)

7.25

7.24

5.44

3.45

13.09

13.09

5.66

5.66

8.47

6.72

6.73

7.18

Strain Percent
Difference

17.16

17.16

22.77

18.24

28.11

17.85

6.53

30.88

16.47

7.45

7.86

9.40

2.37

2.37

4.18

5.29

2.15

1.36

1.15

5.45

1.94

1.11

1.17

1.31

% Difference/Degree

3.4 Statistical Analysis
Values of all four node strain values at each strain gauge, for all twelve orientations, were
analyzed using an ANOVA program. This program determined the statistical significance in data
correlated to each strain gauge location. P-values were obtained and displayed in table 3, as seen
below.

Table 7: Statistical significance of strain gauge 1-6 values

P-Value

SG1

SG2

SG3

SG4

SG5

SG6

0.0000

0.0041

0.4120

0.0000

0.0106

0.0078
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3.5 Strain Contour Plots
Contour plots of the strain distribution in the y axis were gathered. This allows for the
qualitative analysis of how stress distributions change with the change in load orientation.
Contour plots for orientation 11 and 12 can be seen in figure 8 below. All twelve contour plots
can be found in Appendix E.

Figure 8: Strain contour plots of orientation 11 (left) and 12 (right)
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4. Discussion
4.1 Finite Element Analysis
The use of finite element analysis to perform biomechanical studies on implants is highly
advantageous for multiple reasons. For instance, physical testing for hip implants requires access
to resources such as cadaveric femurs, implants, surgeons to perform the implantation, and
proper loading machines. These tests often require significant time commitments with some
studies taking up to a few weeks. The man-hours and resources needed to perform physical
testing on hip implants results in very high financial costs. Physical testing is also limited in the
number of possible iterations because of the significant resources required. This can greatly
affect the statistical power or significance of the results. Another notable limitation in physical
studies is their lack of versatility, which is limited by the equipment used. All of these factors
make physical studies difficult in terms of research, resources, and testing.
When dealing with computational modeling in finite element analysis, the limiting factors
seen in physical studies are no longer an issue. Its versatility makes it powerful when performing
implant studies. The assets of computational modeling that makes it a more desirable candidate
when performing such studies include: customizability, shorter time periods for testing,
relatively inexpensive, an infinite amount of iterations/trials for studies, and greater statistical
significance for results. All of these qualities in finite element analysis facilitates the overall
research and development of biomechanical studies. However, for computational modeling to be
utilized in real world scenarios a process known as validation must be used.
Model validation is a crucial step in finite element analysis, where the results must be shown
as realistic. These computational models are useless until validated. The results from these
computational models must be in agreement with physical measurements in order to show that
the model can be used to accurately predict physical simulations in the real world. The validation
24

process involves a comparison of the computational model simulation to a physical test model,
where the results of each are compared in terms of a percent difference. The model is then
manipulated until the computational results are relatively close to the physical results in terms of
a low percent difference. Once this is achieved, the computation model in finite element analysis
is now validated and can be used to accurately predict physical results for research.
This model validation process was used by Yosibash et al. to show that the computational
model could accurately predict experimental results. This study proved finite element analysis to
be a valid method of assessing femur strains, in which a vertical load was applied to an
implanted femur and strain and displacement values were calculated.

4.2 Orientation Effects on Implantation
After performing validation and conducting strain analyses, results for the implanted femur
model showed that changes in contact force orientation caused substantial differences in strain.
For increases in cup inclination, a general decrease in strain magnitude was observed along the
proximal medial and lateral diaphysis, as seen in Figure 6. This trend shows that increasing the
inclination angle shifts the load off of the proximal medial and lateral regions of the femur. For
anteversion, strain magnitudes increased along the proximal lateral diaphysis as anteversion
angle increased. The opposite effect was observed along the proximal medial diaphysis where
strains decreased in magnitude as anteversion angle became more positive, as seen in Figure 7.
The changes in strain show that increasing anteversion angle transfers more of the load to the
lateral side of the femur, producing less strain in the medial side. The graphs of these trends for
inclination and anteversion indicate a strong relationship between orientation and strain. These
apparent effects of orientation were further supported by ANOVA. P-values for SG 1, 2, 4, 5,
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and 6 were less than the accepted alpha value of 0.05, although SG 3 resulted in a p-value of
0.4120. These p-values indicate that the data is statistically significant for SG 1, 2, 4, 5, and 6.

4.3 Stress Shielding
This condition results in regions of bone tissue where strain magnitudes are low, leading to
resorption according to Wolff’s Law. Therefore, the presence of these low strain regions
identified in the model can be used as indicators of stress shielding probability. Applying this
concept to the implanted femur model, the probability of stress shielding can be analyzed for
different acetabular orientations using the observed strain trends in the implanted femur model.
By this analysis, increases in cup inclination were shown to increase stress shielding probability
while the reverse was shown for decreases in cup inclination. Changes in anteversion resulted in
a more complex stress shielding relationship. Significant negative and positive anteversion
resulted in areas of lower strain in the lateral and medial regions, respectively. Despite the lack
of a clear direction in which strain is reduced or increased, strain levels in the proximal lateral
region seem to be more sensitive to changes in anteversion. This indicates that stress shielding
would also be most sensitive to changes in anteversion on the lateral side of the femur. In
addition, the lowest strain values were observed in the proximal lateral region (294.58 µstrain,
SG 2) for the most negative anteversion. With the lowest strains in this region, bone resorption
from stress shielding would be most likely to occur in the proximal lateral femur first.
The effects of orientation on stress distribution can also be analyzed qualitatively using strain
contour plots. These plots output by ABAQUS visually show the distribution of strain
throughout the model for each loading. Loads applied with no anteversion typically exhibit areas
of high strains along the lateral and medial sides of the femur diaphysis, as seen in Figure 8 (load
12). However, with changes in anteversion, the areas of high strain move closer to the anterior
26

and posterior sides of the diaphysis, see Figure 8 (load 11). In addition to areas of high strain,
low strain areas also shift as load orientations change, as indicated in the contour plots. With
changes in location of low strain areas, sites of possible bone resorption from stress shielding
would also change. This shift in positioning of both high and low stress regions further
demonstrates the impact load direction has on the overall distribution of strain and stress
shielding probability in the femur.

4.4 Model Limitations
There are a number of significant limitations to the implanted femur model developed in this
study. The first and most significant of these is the level of agreement with experimental results
during validation. The model used in this study showed an average difference of 28% from strain
gauge values obtained by Yosibash et al. in their physical analysis of an intact femur. While this
level of agreement is acceptable for models of physiological systems due to their complexity, the
difference is still relatively large. The variation in values can be attributed to several factors
including differences between the geometries of the femurs used in this study and by Yosibash et
al. since femurs of different size and shape will transmit loads differently. Strain gauge sites in
the model were also determined by visually selecting nodes in the approximate strain gauge
location contributing to model error making close validation difficult to show.
The ability of the model to accurately simulate real physiological loading conditions is also
questionable. The joint contact force applied to the implant head was simplified to a single point
load with a magnitude of 1000 N, which is within the expected range of hip joint forces. Because
this load was not determined from experimental measurements of hip joint contact mechanics for
different orientations, it is unknown how the loading employed in this study relates to actual cup
orientation changes.
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The model may also underestimate the possibility of stress shielding effects. The recorded
strains were taken from sites along the periosteal surface of the femur while stress shielding
occurs most commonly along the endosteal surface at the implant-bone interface. This was due
to the difficulty of selecting nodes along the endosteal surface for obtaining strain measurements.
While periosteal strain measurements do indicate the presence of low strain areas in the bone to a
degree, they do not fully describe the stress shielding effects from the implant. This must be
taken into account when analyzing the effects of different orientations for stress shielding
potential.

4.5 Future Work
Having performed this specific biomechanical study once, there are a number of
improvements that can be made to increase the accuracy and relevance of the model. The
analysis was simplified and limited to strictly computational modeling. In order to help improve
the research and development of this implantation study, physical studies should be considered to
directly link cup orientation alteration with contact mechanics and in turn strain effects. Also, in
the model validation study the percent difference to Yosibash et al. was relatively high which
could be caused by differing geometries and simplified material properties. To improve this
validation method and obtain a lower percent difference to the physical model, the femur bone
can be modeled as a composite material with cortical and trabecular bone, using ash density plots
to more accurately assign material properties to the computational model. Another consideration
is to obtain a femur model that more closely resembles the geometry of the physical model used
in Yosibash et al. Finally, the element size along the diaphysis of the femur could be decreased
to select nodes that are closer together for each strain gauge site and thus obtain more accurate
average strain values. These improvements will produce a model which more closely matches
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experimental values. Therefore, a more valid computational model can be used to assess possible
implantation complications due to variation in acetabular cup orientation.

4.6 Conclusion
Through assessing the strain distribution for different loadings, this study has allowed for a
greater knowledge of how contact mechanics for hip implants can affect stress shielding. The
trends in strain distribution support the notion that changes in contact mechanics may contribute
to stress shielding effects produced by the implant. Given this relationship, the design of new hip
implants should be aimed at producing an optimal acetabular cup angle which reduces the
potential for developing stress shielding by increasing overall strain. Concurrently, surgical
techniques should also be improved to reduce variance in acetabular cup angle during
implantation to ensure accurate insertion. Through improved design and surgical methods, the
incidence rate of implant loosening due to stress shielding should decrease. This would result in
a reduction in the number of revisions needed each year, thereby increasing average implant life
and overall customer satisfaction.
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B. Referenced Characteristics and Nomenclature of THR’s

Table 8: Bulk material properties used in model validation

Trabecular Bone

Cortical Bone

Total Hip
Replacement

Poisson’s Ratio (ν)

0.3

0.3

0.3

Young’s Modulus (E)

2.600 GPa

5.725 GPa

110 GPa

Figure 9: Anteversion and inclination diagram
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C. FE Validation

Femur Convergence Study
Final U3 as a Function of Degrees of Freedom for the Femur Solid Model
Maximum Displacement, U3 (m)
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Figure 10: Convergence study data used to determine the analysis degrees of freedom for the femur model. Note that this
study was done on the full model. The results were leveraged for application on the cut-down model.

Implant Convergence Study
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Figure 11: Convergence study data used to determine the analysis degrees of freedom for the implant model.
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D. FE Analysis

Table 9: Average strain values at SG 1-6 for each load orientation (0-12)

Orientation
Load 0
Load 1
Load 2
Load 3
Load 4
Load 5
Load 6
Load 7
Load 8
Load 9
Load 10
Load 11
Load 12

SG 1
1353.83
1081.62
801.62
593.40
475.73
1809.69
1469.07
1580.95
1191.43
1028.05
844.17
1737.83
2202.18

SG 2
531.67
395.10
253.38
148.11
90.60
757.83
584.63
635.79
453.34
376.95
294.58
706.47
948.80

(µstrain/N)
SG 3
SG 4
-1673.39
-1571.06
-1480.03
-1254.96
-1287.22
-923.95
-1145.00
-666.20
-1058.11
-516.10
-2012.91
-2084.74
-1823.37
-1514.84
-4649.57
-1450.54
-1491.31
-1600.30
-1310.09
-1617.48
-1119.91
-1611.81
-2181.82
-1341.02
-2324.50
-2503.42

SG 5
-1450.94
-1245.17
-1026.29
-853.64
-753.58
-1776.68
-1407.27
-1355.49
-1470.35
-1479.85
-1472.25
-1265.65
-2030.30

SG 6
-748.58
-663.72
-570.85
-494.80
-450.44
-876.16
-709.92
-667.47
-777.63
-798.83
-809.05
-597.28
-966.92

Table 10: Average percent differences to datum for orientations 1-12

Average
Percent
Difference
to Datum
(Load 0)

Load
1

Load
2

Load
3

Load
4

Load
5

Load
6

Load
7

Load
8

Load
9

Load
10

Load
11

Load
12

17.16

35.07

48.76

59.48

28.11

6.53

39.88

7.45

14.42

21.24

23.21

51.41
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E. Strain Contour Plots

Figure 12: Contour plots of orientations 0-5
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Figure 13: Contour plots of orientations 6-9
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Figure 14: Contour plots of orientations 10-12
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